Large herbivores respond to fluctuations in predation and hunting risk. The temporal scale of risk heterogeneity affects behavioral responses and determines the usefulness of metrics to quantify them. We present a conceptual framework to link anti-predator responses to risk fluctuations and appropriate metrics, based on temporal scale. We applied this framework to investigate movement responses of roe deer (Capreolus capreolus) to hunting risk, measured using movement rate and home range size. Because movements are also affected by reproductive phases, we considered potential effects of the rut in parallel to hunting risk. We compared movements of male and female roe deer in a protected site versus 2 hunted sites during and outside the hunting season and rut. We detected differences in movement rates in response to different hunting management practices. We did not detect effects for hunting regimes or between sexes during the rut when using home range size as the response variable. During the hunting season, movement rates were lower in the hunted sites than in the protected site, irrespective of sex. We did not observe differences in movement rates among sites outside of the hunting season. Males had higher movement rates than females during the rut in only 1 site. Our findings supported the hypothesis that roe deer decrease movements when exposed to high hunting risk. The effect of the rut on movements was negligible except for 1 study site. We suggest that movement rate is a more useful metric than home range size for assessing movement responses to hunting. Ó 2018 The Wildlife Society KEY WORDS anti-predator behavior, Capreolus capreolus, home range size, hunting, Italian Alps, large herbivores, movement rate, predator-prey interactions, roe deer.
Predation and hunting can affect prey populations via complex pathways (Schmitz et al. 1997 , Lima 1998 by changing abundance, sex ratio, or age composition (Loison et al. 1999 , Milner et al. 2007 , O'Kane and Macdonald 2016 , or by triggering behavioral responses (Kilgo et al. 1998 , Creel and Winnie 2005 . Spatio-temporal variation in predation risk is a necessary condition for behavioral responses to occur (Lima and Dill 1990 , Laundr e et al. 2010 ; particularly, temporal fluctuations of risk play a key role in determining the occurrence of responses (Lima and Bednekoff 1999) . The risk allocation hypothesis (Lima and Bednekoff 1999) predicts optimal allocation of anti-predator behavior according to the temporal scale of risk; brief, acute pulses of risk should trigger prey responses more than chronic risk. Indeed, some studies have reported that anti-predator responses are less intense during chronic exposure to predation risk than in situations of episodic risk (Gude 2004 ; but see Ferrari et al. 2009 ). Moreover, the temporal scale of risk variation determines the temporal scale at which behavioral responses emerge (Basille et al. 2015) . However, the relationship between temporal scales of risk and anti-predator responses has not been well defined.
Anti-predator responses of large herbivores can be thought of as hierarchically organized according to their range of temporal scales (Fig. 1) . Flight responses emerge at very fine temporal scales (e.g., seconds) as instantaneous reactions to predator detection (Stankowich 2008 ). Anti-predator responses also include behaviors that can manifest across a broader range of temporal scales. Within this range, the scale at which a response emerges is a function of the scale of risk in the system (see Table S1 for a non-exhaustive review, available online in Supporting Information). Vigilance responses can occur at fine temporal scales in response to short-term increases of perceived risk (Creel et al. 2014) but can persist over broader scales; prey may chronically increase their baseline levels of vigilance in habitats associated to high risk (Hunter and Skinner 1998, Laundr e et al. 2001 ). Movement responses have been detected at the scale of hours or days in elk (Cervus canadensis) in response to short-term fluctuations of wolf (Canis lupus) predation risk (Proffitt et al. 2009 ), and at the seasonal scale in response to seasonal variation of hunting risk (Ciuti et al. 2012) . Identifying the scale at which responses reflect the temporal scale of risk in a system is necessary for successfully detecting them. At finer scales, responses cannot be detected, as they have not emerged yet, and at broader scales, the signal dissipates (Hebblewhite and Haydon 2010) .
Ecologically meaningful temporal scales affect the choice of appropriate metrics. For behaviors that are measurable in realtime, such as vigilance, it is sufficient to integrate measurements over the period of interest at the daily scale, Lung and Childress 2007 at the seasonal scale). However, metrics to quantify behaviors that are not measured in real time present challenges. For example, in large herbivores, movement data are most often acquired through telemetry at the scale of hours or longer. Movement responses have been investigated following 2 different approaches. The first focuses on distance traveled, using metrics such as movement rate (Ciuti et al. 2012) . The second focuses on the area covered while moving, using metrics such as home range size (Grignolio et al. 2011) . Both approaches quantify movement, but the first uses linear distance, and the second, spatial extent. Home range size is a derived estimate, whose reliability is influenced by the number of locations used to compute it (Swihart and Slade 1985 , Seaman et al. 1999 , B€ orger et al. 2006 ). Movement rate is conceptually and statistically a direct measure of movement because it reflects distance traveled and can be estimated at scales as fine as the resolution of the tracking data (Rhoads et al. 2010 , Owen-Smith et al. 2012 . Movement rate is likely a preferable metric to quantify responses to risk because it allows for direct quantification of movement. An increased focus on the range of temporal scales covered by movement rate may lead to novel and relevant findings on anti-predator responses that cannot be captured using coarser metrics. Besides reflecting responses to predation risk, movement behavior may also be influenced by other factors (Frair et al. 2005) . These include seasonal patterns such as environmental conditions (e.g., food availability) or reproductive phases (e.g., rut, territoriality, calving).
Roe deer (Capreolus capreolus) are the most abundant and widespread large herbivore in Europe and are hunted broadly. Male roe deer are territorial during the breeding season and access to territories is a key determinant of male reproductive success (Hewison et al. 1998) . Males establish their territories in early spring and maintain them by intense patrolling until the end of the rut in late August (Hewison et al. 1998 , Semp er e et al. 1998 . Recent literature has highlighted the ecological effects of humans as predators, reinforcing the role of hunting as a form of predation risk (Frid and Dill 2002 , Vermeij 2012 , Darimont et al. 2015 , Clinchy et al. 2016 . We present a framework to connect anti-predator responses to the pulses of risk that influence them and to metrics useful to quantify them, according to temporal scale. We aimed to isolate the effects of hunting by contrasting roe deer behavior under different management regimes in comparable conditions at the same time of the year. According to the predation risk allocation hypothesis (Lima and Bednekoff 1999) , we expected a behavioral response from hunting because it occurred during a welldefined and relatively short time frame. We hypothesized that the temporal scale of variation of risk in our system (months) would affect movements ( Fig. 1 ). We also considered potentially confounding effects of rutting behavior on roe deer movement. We tested 2 research hypotheses. First, according to the hunting pressure hypothesis, roe deer will reduce their movements in response to hunting pressure. We expected roe deer to decrease their movements in hunted sites to levels lower than those observed in protected sites during the hunting season to reduce encounters with hunters; we expected no differences across study sites outside of the hunting season. Second, we tested the territoriality hypothesis, according to which male roe deer would exhibit more intensive movements than females during the rut (Liberg et al. 1998 , Mysterud et al. 2004 . The difference in movement behavior between sexes would then dissipate after the rut, at the end of August. We expected male roe deer in all study sites to exhibit more intense movements during the territorial phase than females, and no difference between males and females after the end of the territorial phase. The hunting pressure hypothesis makes predictions on the relative difference in roe deer movement behavior between study sites in different months (regardless of sex), whereas the territoriality hypothesis makes predictions on the relative difference in movement behavior between sexes in different months (regardless of the study site). 
STUDY AREA
We conducted our study in an 800-km 2 area in the Italian eastern Alps within the Autonomous Province of Trento during 2005-2013. The area had rugged terrain with elevations ranging 400-3,500 m (Cagnacci et al. 2011 , Mancinelli et al. 2015 , Peters 2015 . The climate was continental in the lower valleys to alpine at the highest peaks (Ossi et al. 2015 , Peters 2015 . Average monthly temperature ranged between À18C in December and 188C in July (Ossi et al. 2015) . During winter, snow cover was minimal (<20 cm) and discontinuous at the lowest elevations and deeper than 1 m above 1,600 m, where it persisted from December to April (Ramanzin et al. 2007 ). Agricultural fields dominated the valley bottoms along with deciduous forests, mainly composed by European beech (Fagus sylvatica) and European ash (Fraxinus excelsior; Peters 2015). At higher elevations, coniferous forests of Norway spruce (Picea abies), silver fir (Abies alba), and European larch (Larix decidua) were dominant (Peters 2015) . Alpine grasslands interspersed with mountain pine (Pinus mugo) and rhododendron (Rhododendron spp.) were present above 1,600 m (Peters 2015) . Large herbivore species included roe deer, chamois (Rupicapra rupicapra), red deer (Cervus elaphus), and ibex (Capra ibex; Peters 2015). Carnivores included red foxes (Vulpes vulpes) and reintroduced brown bears (Ursus arctos arctos) at low densities (Peters 2015) . We conducted the study in a system of 3 sites (Fig. 2) : the protected area on the summit of Mount Bondone, the slopes of Mount Bondone, and the contiguous Rendena Valley. In the first site, hunting was not allowed, whereas in the 2 latter sites hunting was allowed during the prescribed season. Hunting seasons started in the first week of September and were open through November (Provincia Autonoma di Trento, Servizio Foreste e Fauna 2005, 2012). Hunting pressure was concentrated in the first weeks and quotas were usually filled early. Hunting of other species did not temporally or spatially overlap with roe deer hunting.
Hunting was temporally segregated from the rut, which occurred between May and August (Hewison et al. 1998 , Semp er e et al. 1998 . The 3 sites were characterized by different densities and sex ratios (Table 1) . Roe deer density was high (9 deer/km 2 ; indirect distance sampling; F. Cagnacci, Edmund Mach Foundation, unpublished data) and the sex ratio was balanced in the protected site, as opposed to both hunted sites, where the density was modest (3.5 deer/km 2 , Mount Bondone hunted) to low (2 deer/km 2 , Rendena Valley) and the sex ratio was strongly female-biased (Provincia Autonoma di Trento, Servizio Foreste e Fauna 2016). Environmental conditions (Table 1) 
METHODS
For the test of the hunting pressure hypothesis, we contrasted roe deer movements in hunted versus protected sites, during and outside of the hunting season. We used the hunted sites in Rendena Valley and Mount Bondone as spatial treatment replicates, whereas we used the protected area on the summit of Mount Bondone as a control site. We used the months of September and October (hunting season) as temporal treatment replicates, and we used the month of August as a control. For the test of the territoriality hypothesis, we used territoriality as a treatment varying across time but not space. We used the month of August (rut) as a treatment in all study sites, and the months of September and October as controls in all study sites. Thus, the temporal arrangement of treatment and controls was opposite between the 2 hypotheses. When testing both hypotheses, we limited the data we used to these 3 months to avoid possible We equipped adult individuals with global positioning system (GPS) collars (Vectronic Aerospace, Berlin, Germany) programmed to attempt a fix every 4 hours (Mount Bondone) or 3 hours (Rendena Valley). Our analysis used data from individuals for which data were available for the entire period of interest (Aug to Oct) for !1 season, and for animals in Mount Bondone that were either consistently outside or inside the boundaries of the protected area. This included 9 individuals in Rendena Valley (4 males, 5 females), 11 individuals in Mount Bondone outside of the protected area (4 males, 7 females), and 12 individuals in the protected area of Mount Bondone (5 males, 7 females). We used GPS locations collected during 3 1-month-long intervals in August, September and October. We visually explored individual trajectories to identify excursions or migrations and, where necessary, we excluded such locations to include only within-home range movements. To compare data from different sampling schedules (3 hr for individuals collared in Rendena Valley and 4 hr for individuals collared in Mount Bondone), we standardized movement rate to the unit hour by dividing the step length (i.e., distance between consecutive GPS locations) by the temporal interval between consecutive GPS locations. We performed a preliminary analysis to verify that hourly movement rates calculated based on the 2 different sampling schedules were comparable in an ecological context (Figs. S1 and S2, available online in Supporting Information). We estimated weekly home ranges using a 95% kernel utilization distribution (Calenge 2006) . We performed all analyses in R 3.3.1 (R Core Team 2016), using the packages adehabitatLT for the handling of movement trajectories and adehabitatHR for the estimation of home range size (Calenge 2006) . We used information-theoretic model selection to test for the effects of study site, month, sex, and their interactions on movement rate and home range size, while accounting for possible individual differences in behavior. We used generalized linear mixed models (GLMMs) including study site, month, and sex as fixed effects and individual identity as a random effect for both movement rate and home range size as a response variable. For both response variables, we used GLMMs with a normal distribution after logtransformation to meet statistical assumptions. We based model selection on Akaike's Information Criterion corrected for small sample sizes (AIC c ) on a set of 24 models including a null model, 3 single-covariate models, 3 partial additive models (2 covariates), 3 partial interactive models (2 covariates and their interaction), a full additive model (3 covariates), and a full interactive model (3 covariates and their interactions), each with and without random effects. We used DAIC c < 2 as a model selection criterion and handled model uncertainty by computing confidence intervals. We evaluated predictions for the best model at the fixed effects level, and used a bootstrapping procedure to estimate 95% confidence intervals. We compared confidence intervals around estimates among experimental units to assess statistical significance of results. We considered significant differences where the 95% confidence intervals were not overlapping.
RESULTS
Roe deer movement rate was affected by study site, month, and sex (Fig. 3) . The best-supported model was the full interactive model with random effect (Table 2) , indicating that all covariates interactively influenced deer movements, together with individual differences. Predictions for the top model indicated higher movement rates for males compared to females in August in Rendena Valley (mean difference ¼ 14.9 m/hr) but no difference between the sexes in the other study sites (Table 3 and Fig. 3 ). Movement rate was not different between sexes in September and October in all study sites (Table 3 and Fig. 3 ). Comparing across sites, there were no differences in movement rate between sexes in August (Table 3 and Fig. 3) . In September and October, movement rate was lower in the hunted sites compared to the protected site for both sexes (range of mean difference ¼ 15.1-20.2 m/hr). Comparing across months, there were no differences in movement rate within any site and for either sex, except for movement rate of males in Rendena Valley in August, which was higher compared to September and October (Table 3 and Fig. 3) .
None of the 3 factors (study site, month, sex) explained the variance in home range size (Fig. 4 ). The null model with random effect had the lowest AIC c value in the home range model set, but it was indistinguishable from the model with only study area as a fixed effect and a random effect, and from the interactive model with study area and sex (for both, DAIC c < 2; Table 4 ).
DISCUSSION
We found evidence that roe deer in the Italian Alps altered their movements in response to hunting risk, whereas activities associated with the rut did not appear to alter movement behavior in our system. Changes in movement rate, but not home range size, supported the hunting pressure hypothesis, suggesting that roe deer movements responded to hunting risk and this was best quantified with a fine-resolution metric. We did not find support for responses in movement rate or home range size under the territoriality hypothesis, except for the pattern observed for movement rate in Rendena Valley. This suggested that movement responses related to the rut may emerge in particular conditions, possibly mediated by density. Our findings highlighted the importance of investigating anti-predator responses using appropriate metrics for each question and system. We found no differences between movement rate of males and females in any site and month except for Rendena Valley in August, where males had greater movement rates than females. Although the difference in mean movement rate between sexes was wider in August than in the other months in all sites and qualitatively compatible with the territoriality hypothesis, our results led us to reject this hypothesis. On the other hand, our results supported the hunting pressure hypothesis. We did not find differences across sites outside of the hunting season but found lower movement rates of both sexes in the hunted sites compared to the protected site during the hunting season, except for females in October in the Rendena Valley hunted site. We acknowledge that our study did not allow us to unequivocally isolate the effect of hunting from potential effects resulting from differences in density and environmental conditions in different sites. Such differences, although minor, could influence the patterns we observed for movement rate. Particularly, roe deer density, winter severity, and proximity to urban areas differed among sites, but we did not formally control for these. The spatiotemporal arrangement of our experimental units, however, led us to conclude that any effects of such confounding factors were minimal. The Mount Bondone sites were contiguous, more similar in deer density, and sampled in the same years, whereas Rendena Valley was farther, had lower deer density, and was sampled in different years than the other sites. Yet, roe deer movement behavior was different during the hunting season between the 2 Mount Bondone (Frair et al. 2007 , Ciuti et al. 2012 , Marantz et al. 2016 . Decreased movement in response to hunting may result in human-mediated traitselection (Mysterud 2011 , Ciuti et al. 2012 ). If individuals that move more suffer reduced survival probabilities, hunters might exert a selective pressure favoring individuals that are more sedentary when exposed to risk of hunting mortality (Ciuti et al. 2012) . Roe deer respond to predation pressure at different temporal scales by an array of responses. Detection of a threat triggers flight responses modulated by sighting distance and habitat (Bonnot et al. 2017) . Roe deer are more vigilant in response to episodic risk (Benhaiem et al. 2008 , Eccard et al. 2017 . When hunted, roe deer may use refugia (Grignolio et al. 2011) and alter habitat selection between daytime and nighttime (Bonnot et al. 2013) . Our findings complement this body of literature, suggesting that roe deer respond to temporally heterogeneous risk conditions by altering their movements. A greater emphasis on the investigation of movement responses using fine-scale metrics may yield novel insight on how predation, hunting, or human disturbance may affect spatial behavior of large herbivores. Movement rate integrates immediate responses, such as flight, and longer-term responses, such as habitat selection, and allows for observing spatial responses at scales as low as hours.
In our study area, hunters were the only predator of adult roe deer at the time of the study. However, in other parts of Europe, roe deer populations are also subject to predation by large carnivores such as lynx (Lynx lynx) and wolves (Mattioli et al. 2004 , Basille et al. 2009 , Wikenros et al. 2009 ). Based on the risk allocation hypothesis, a chronic presence of predators could lead to attenuated predator responses compared to situations of episodic risk (Lima and Bednekoff 1999) . Comparing our findings to roe deer responses to carnivore predation risk, or to combined human and carnivore predation in other parts of their distribution may provide insight on how the behavioral plasticity of roe deer fits in the theoretical framework of the risk allocation hypothesis.
Our results suggested that, in low-density conditions, territorial behavior may lead to more intense movements in male roe deer during the rut to compensate for the lower availability of females. On the other hand, higher density could make females more accessible to males, thus reducing male search effort (Mysterud et al. 2004 ) and limiting movement of males for territory patrolling because of the emergence of social fence mechanisms (i.e., constraints to the spatial extent and arrangement of territories due to the presence of other individuals; Mysterud et al. 2011) . A better understanding of the role of density in mediating male behavior during the territorial phase would help shed light on a rarely addressed aspect of roe deer behavioral plasticity. Moreover, comparing mortality of male roe deer during and outside the territorial phase in the presence of natural predators could improve our understanding of the implications of roe deer behavior in the context of a reproductionsafety trade-off. We found no pattern for home range size between sexes, among study sites, or through time, which may reflect the inappropriateness of home range size as a metric for the response of interest. Home range size may present issues with sampling schedule at our scale of interest, in terms of number of locations and autocorrelation (Seaman et al. 1999 , Girard et al. 2002 , B€ orger et al. 2006 . Monthly data at 3-hour and 4-hour resolution may not include enough independent locations to allow for robust estimation of roe deer home range size (Fig. S3 , available online in Supporting Information). Because it summarizes a series of data points in a single value, home range size may also present problems with sample size that do not arise with other movement metrics (Girard et al. 2002) . In this study, we used a minimum of 94 data points per individual when using movement rate as a response variable, versus a single value of home range size summarizing all data points for each individual and month. The number of individuals in our study may not have provided enough power to reach statistical significance when using 1 single compound value per individual, as with home range size. Using home range size to measure movement responses also introduces a conceptual mismatch between behavior and metric. Home range size quantifies the spatial extent of movements over an interval, which is the consequence of movement and not the behavior itself, adding an extra layer of processing between the behavior of interest and the measure.
Previous studies did not detect a movement response using home range size (Vercauteren and Hygnstrom 1998 , Kilpatrick and Lima 1999 , Jonsson et al. 2000 , Lesage et al. 2000 . The shortcomings we discussed, alone or in combination, may hinder the detection of responses that do in fact occur when home range size is the metric. Several other studies successfully detected movement responses using home range size (Bongi et al. 2008 , Keuling et al. 2008 , Grignolio et al. 2011 ). This discrepancy of results elsewhere suggests that home range size may not be a reliable metric for all systems or species. We stress the importance of selecting a metric that quantifies responses at a meaningful temporal scale given the scale of risk variation in the system. For example, Vercauteren and Hyngstrom (1998) used home range size over 6-8 weeks to quantify movement responses of white-tailed deer (Odocoileus virginianus) to a 3-day pulse of hunting risk and found no patterns. We suggest that movement behavior was measured at a temporal scale (6-8 weeks) that was too broad compared to the scale of risk in the system (3 days), potentially leading to detection failure. Unlike home range size, movement rate measures are already ecologically and statistically adequate at temporal scales as low as the resolution of the relocation data and can be integrated to investigate responses at broader scales according to the temporal scale of the driving factors. Echoing previous recommendations (Fieberg and B€ orger 2012) , we advocate for careful selection of metrics to quantify responses at appropriate temporal scales and encourage an increased use of movement rate as a metric of movement behavior.
MANAGEMENT IMPLICATIONS
When attempting to detect anti-predator responses for conservation or population management, we recommend adopting relatively fine-scale tracking schedules to secure sufficient data availability, ensuring matching between temporal scales of risk and expected responses, and choosing appropriate metrics to quantify the responses of interest. We recommend that these issues are addressed early on before data collection starts, adjusting for system-specific constraints and objectives. In the case of roe deer, we recommend to choose tracking schedules at the scale of hours or finer, and to use movement rate rather than home range size to quantify responses, especially when hunting risk fluctuates at the scale of months or finer.
